The buckminsterfullerene C 60 molecules are composed of ~99% naturally abundant 12 C carbon atoms having spinless nucleus and thus zero hyperfine interaction. Therefore it was assumed that the spin diffusion length in C 60 -based spin-valves is large. We fabricated spin-valves based on C 60 and studied the magnitude of the giant magneto-resistance (GMR) as a function of bias voltage, temperature and C 60 layer thickness. Surprisingly, we found that GMR first increases as the C 60 layer thickness increases, reaching a maximum at ~35 nm, then exponentially decreases with thickness from which we extracted a small spin diffusion length of ~12 nm at 10 K. From our data we obtain two important conclusions. First, morphology related disorder that originates from the C 60 nano-crystalline grains embedded into an amorphous phase of C 60 is responsible for an unusual spin diffusion process that results in short spin diffusion length. Second, we identify the main spin relaxation dynamics in the fullerene to be the grain boundaries in which spin-orbit coupling is enhanced by the local electric field.
I. Introduction
Spintronics utilizes the electron's spin degree of freedom in addition to its charge in electronic devices for advanced approaches to information storage and processing 1 . For efficient spintronics devices it is necessary to achieve spin injection, detection and manipulation of spin polarized carriers 2 . Organic semiconductors (OS) have recently become the center of attention in the spintronics community, because of the presumed long spin relaxation time, and the additional functionality of these materials such as electroluminescence. The prototype organic spintronics device, namely the organic spin-valve (SV) is based on an organic semiconductor spacer placed in between two ferromagnetic (FM) electrodes having different coercive fields, where the magnetoresistance (MR) changes upon sweeping the magnetic field, B 3, 4 . When the active layer shows electroluminescence then a spin-organic light emitting device can be fabricated 5 . Organic semiconductors are composed of light elements that are supposed to possess weak spin-orbit coupling (SOC) leading to small spin relaxation rates 6, 7 . Indeed, giant MR (GMR) has been measured in OSV devices based on small molecule and polymer spacers, both as thick films and thin tunnel junctions 4, [6] [7] [8] [9] [10] [11] [12] [13] . Clear proof of spin injection into organic spacer was also provided by muon spin rotation 14 and two photon photoemission spectroscopy 15 .
The hyperfine interaction (HFI) has been recently shown to play a significant role in limiting the spin diffusion length in polymer organic SV devices 12, 16 . In addition, the SOC, which has been a useful tool in manipulating the injected spin aligned carriers in inorganic spintronics devices 17 ,
should be considered 18 also in organic SV devices, in spite of the light atoms comprising the organic materials. In fact, the weak SOC is the reason that organic spintronics has been attractive in the first place 2 .
The buckeyball C 60 molecule is composed of 60 carbon atoms (see Fig. 1d inset), of which 98.9% are the natural abundant 12 C isotope having spinless nucleus, and thus zero HFI; and ~1.1% 13 C isotope having nuclear spin ½ with estimated HFI constant of ~0.2 µeV 19 . Therefore the HFI constant averaged on the 60 carbon atoms of natural C 60 molecule should be ~3 neV, which is too small to play any significant role in magneto-transport. It has therefore been assumed that the spin diffusion length in fullerene-based spin valve (SV) devices is relatively large. However since the C 60 molecule is strongly curved, significant hybridization may occur between the π and σ electrons, and this might enhance the SOC. Recent calculations 20 estimated the SOC in C 60 to be less than 1 µeV; this is a relatively small value but is larger than the HFI in this molecule, and thus may be a key factor in limiting the spin diffusion length in C 60 spinvalves.
A 9% MR at room temperature has recently been reported 21 for a C 60 SV device with thickness d=5 nm, that diminishes to 5.5% at d=28 nm. The spin transport mechanism was attributed 21 to a multi-step tunneling process through the C 60 buckyballs. In another recent report 22 on C 60 SV devices, a 13% GMR at T=15 K and d=25 nm was obtained. From the thickness dependent GMR(d) it was estimated 22 that the spin diffusion length is several tens of nanometers, comparable to other organic SV devices.
In this work we studied GMR of C 60 based SVs and correlated the results to the morphology of the active layer. We found that evaporated C 60 films contain micro-crystalline domains of diameter D≈10 nm in size, that grow in density and size with the film thickness, d, followed by saturation at d≈40 nm. The measured GMR(d) response shows a peculiar maximum at d 0 ≈35 nm that obscures spin diffusion length measurements. Nevertheless, we determined the spin diffusion length, λ C60 for C 60 SV devices with d>d 0 ; we obtained λ C60 ≈12 nm at 10 K that strongly depends on the temperature. We discuss the unusual GMR(d) response in terms of the unusual film nano-morphology coupled with the ensuing energy disorder. In particular we identify the main spin relaxation in the fullerene to occur at the grain boundaries, where the SOC may be enhanced due to the strong local electric field.
II. Experimental
The fullerene SVs were fabricated using C 60 evaporated films as spacers with various thicknesses 
where Δ 2θ is the full-width-at half maximum of the (111) Bragg band at 2θ 111 =10.6°. For the dependence of D on the film thickness we evaporated C 60 on a glass substrate and kept constant the XRD scattering S/N ratio by using the same technique as described above for the TEM measurements, namely keeping constant a normalized effective d of ~155 nm.
III. Experimental Results

A. C 60 film Morphology
Figure 1a is a TEM image of a d=90 nm thick C 60 film grown on a thin metal grid. The TEM image clearly shows the formation of domains having higher C 60 density than that of the surrounding matrix, which we thus identify as NC grains. From the TEM image we estimate an average grain size, D<30 nm. We found, however, that the grain size and their number density increase with the film thickness. The NC domains formed in the film are also clearly seen in the phase atomic force microscope (AFM) image of a 50 nm thick C 60 film grown on LSMO substrate, as shown in Fig. 1b . In addition, the AFM study shows good film roughness of ~0.9 nm that is crucial for fabricating high quality C 60 SV devices. and 20.9°, respectively. We note, however, that the (200) Bragg band, which is allowed in fcc BL structures, is not present in the XRD pattern (Fig. 1c ). This is due to the room temperature rotational motion of the C 60 molecules around one of their central axes, which renders their scattering symmetry to that of spheres; this enhanced symmetry eliminates the (200) band 24 . In addition, we also estimated the average NC grain size D~10 nm from the full width at half maximum (FWHM), Δ 2θ of the (111) Bragg band (Fig. 1c inset) using Eq. 1. In contrast, the Bragg band at 2θ=6.6°, denoted "disordered cubic" (dc), cannot be accounted for using the most abundant fcc BL structure. We note, however, that there is another C 60 crystalline structure which is somewhat disordered but stable at high temperatures. This structure has a distorted fcc BL with a=1.36 nm (Ref. 24 ). We thus identify the obtained dc band as due to (100) Bragg scattering band coming from a fcc BL with a=1.34 nm, that is allowed here due to the disorder resulting from the relatively small NC grain size in the film. 
B. Giant magneto-resistance measurements of C 60 spin valves
We used C 60 SV devices in which the fullerene film was sandwiched in between LSMO and Co as the two FM electrodes having different coercive fields (Fig. 2a) . These FM electrodes have high nominal spin injection polarization degree, P 1 (LSMO)≈98% that is strongly temperature dependent above ~150K (see Fig. 2d , inset), and P 2 (CO)≈30% that is essentially temperature independent in the temperature range up to 300 K; but its sign depends on the environment 13, 25 .
Since B c1 ≠B c2 , then it is possible to switch the relative magnetization directions of the FM electrodes in the SV device between parallel (P) and anti-parallel (AP) alignments upon sweeping B;
whereby the device resistance, R is dependent on the relative magnetization orientations. The SV device resistance was measured using the four-probe technique at constant current. sponse. In addition, we also see (Fig. 2b) that the coercive fields B c1 and B c2 decrease strongly with the temperature; this is in agreement with our MOKE measurements (not shown here). In general, both B c1 and B c2 are much larger for the C 60 SV than in many other organic SV devices based on LSMO and Co FM electrodes 3, 12 . We do not exactly know the reason for this behavior, but it is conceivable that the coercive fields depend on the specific organic interlayer. When
R(AP)<R(P) the maximum GMR value, [ΔR/R] max (or MR SV ) is given by the ratio: MR SV =[R(P)-
R(AP)]/R(AP).
We notice that MR SV decreases with temperature (Fig. 2b) ; however, the temperature decrease is not as steep as in other organic SV devices 3, 4 . Figure 2c shows 21 as due to tunneling MR rather than GMR that involves spin transport through the C 60 layer. The flatter MRsv(V) response with increasing temperature (Fig. 2c) shows that it cannot be entirely due to a decrease in the polarization degree P 1, or P 2 with V, as suggested before 3, 6 .
We also plot in Fig. 2d the temperature dependence of MRsv at various V's extracted from Fig.   2c . It is clearly seen that although MRsv(T) response decreases with increasing T, it does not follow the moderate temperature decrease of the LSMO magnetization, M(T) that is shown in Fig.   2d (inset). In addition, MRsv(T) response is clearly voltage dependent (Fig. 2c) , and the response is symmetric about V=0. These characteristic properties show that MRsv(V,T) response cannot be explained solely by the dependence of the FM injecting capability through P 1 (V,T) of the LSMO electrode 6 , because it is difficult to understand that P 1 (V) (or P 2 (V)) is completely symmetric for injecting either electrons or holes. We therefore conclude that the decrease in MRsv at high T and V reveals an intrinsic spin relaxation mechanism which reduces the spin diffusion length at high temperature and/or electric field (⏐V⏐/d; symmetric about V=0), as measured in Alq 3 films 14 , and discussed for Alq 3 SV devices 28 .
Next, we tried to estimate λ C60 from the SV device performance at various C 60 thickness at V=100 mV, as shown in Fig. 3a for T=10 K. For these measurements we used the same LSMO substrate but different interlayer thickness, since LSMO is relatively stable in air, and its spin injection properties were found to be quite robust 3 . According to the modified Jullière formula 3, 29 when MR SV <<100% (see Figs. 2b,e) it should be a monotonic decreasing function of d :
where λ C60 is the spin diffusion length in the fullerene interlayer. Surprisingly, the obtained (Fig. 3a) .
Surprisingly, this value is smaller than λ S reported for Alq 3 (~45 nm, Ref.
3 ), and λ S obtained in π-conjugated polymers (~30 nm, Ref. 12 ), even though the HFI is much smaller in C 60 . The HFI in C 60 is too weak to explain such a small λ C60 ; we thus conclude that other spin relaxation mechanisms limit the spin diffusion length in the C 60 film.
C. Discussion
(i) The short C 60 spin diffusion length. We propose that carrier spin dynamics in C 60 film is composed of both hopping in the disordered C 60 matrix and ballistic transport in the C 60 NC crystalline grains. Injected carriers inside the grain may bounce back and forth many times before escaping into the disordered matrix that surrounds the grains, resulting in an overall reduced spin diffusion length that is related with spin relaxation mechanism at the grain boundaries. The obtained λ C60 ≈12 nm (for d>d 0 ) is very similar in magnitude to the average grain size D (~10 nm), and this lends support for this hypothesis. We note that if not for the relatively small grain size, λ C60 might have been much larger because the intrinsic spin relaxation mechanism is indeed weak in this material. As mentioned above, the HFI is unlikely to play an important role in C 60 because 99% 12 C with zero nuclear spin; thus we consider the SOC as the most dominant spin relaxation mechanism in the fullerene, similar as in graphene (which is in fact another carbon allotrope). Carbon is a light atom with relatively small atomic SOC of the order of ~6 meV 30 ; this is too large to explain our results. However, since the orbital angular momentum is mostly quenched for π-orbital electron or hole carriers in planar organic molecules 31 , then the atomic SOC is expected to be substantially reduced to less than ~0.1 μeV in carbon based organic molecules, including graphene and possibly also C 60 (Ref. 20 ).We showed above that C 60 films are composed of NC grains of various sizes and shapes. Consequently, upon the application of a bias voltage, substantial electric fields may form at the grain boundaries that, in turn, may enhance the SOC through the Stark effect 20, 30 . Nevertheless, given the applied voltage employed here, we expect the SOC to be quite small, giving rise to relatively long spin relaxation times. Another boundary spin relaxation mechanism may be due to finite surface spin flip probability, as suggested recently for mesoscopic systems 32 . Therefore, it is conceivable that the obtained short spin diffusion length in C 60 SV devices is limited by the grain size dimension. Although the effective SOC gives rise to relatively long spin relaxation times, carriers inside the grain bounce back and forth many times before escaping the grain, thereby decreasing the spin diffusion length. It is thus expected that SV devices based on smooth, mostly crystalline C 60 would have much larger spin diffusion length.
(ii) The MR non-monotonic thickness dependence. As the thickness increases from d=20 nm, the C 60 film becomes more crystalline, and the disordered regions shrink. BWOKW 26 introduced a model in which the spin diffusion in disordered organic semiconductors is controlled by a combination of incoherent carrier hopping together with coherent spin evolution around a local effective magnetic field. BWOKW considered disordered organic matrix with random site energies distributed having a Gaussian density of states with a width σ, and local effective magnetic field caused by the vector addition of a random hyperfine field combined with the static external applied magnetic field. We believe that this model is not necessarily limited to random local fields caused by the HFI, but is equally applicable to random local fields that originate from other mechanisms; e.g., the SOC. According to BWOKW, λ S increases as the disorder is reduced; this is mainly due to the increase in carrier mobility when the layer becomes less disordered.
BWOKW therefore concluded 25 that the bottleneck mechanism that limits the spin diffusion length, λ S , is not the spin relaxation time (which may be long) but rather the waiting time between consecutive hops.
Using this model we may explain the non-monotonic MR SV (d) response displayed in Fig. 3a (iii) The MR temperature dependence. For the MR SV temperature dependence we consider the Elliott-Yafet (EY) mechanism 33, 34 , which is most suitable for hopping transport. According to EY, the spin randomization rate is due to carrier scattering events, and therefore is inversely proportional to the momentum relaxation time, τ. Since τ decreases at elevated temperatures, then the spin relaxation rate increases and consequently λ S decreases at high temperatures 14, 28 . We note that if not for the EY mechanism, then λ S would have increased with the temperature, since the carrier diffusion constant in organic semiconductors is higher at elevated temperatures 28 . But such an increase is contrary to the obtained MRsv(T) shown in Fig. 2d , where MRsv(T) sharply decreases with temperature, steeper than the decrease of LSMO magnetization M(T) (see Fig. 2d , inset). Since MRsv(V) analysis presented above showed that it is determined by a bulk spin scattering mechanism in the C 60 layer rather than the LSMO P 1 value, it is reasonable to assume that MRsv(T) response is substantially influenced by the temperature dependence of the relevant spin relaxation mechanism in the organic layer. To understand MRsv(T) we extract the dependence of the spin relaxation rate on temperature by dividing MRsv(T) by P 1 (T) response (Eq. (2) 
D. Summary
We have studied the GMR in C 60 based spin valves, in which the hyperfine interaction is nearly absent and does not play any important role in limiting the spin diffusion. Surprisingly, we found that the GMR value first increases as the C 60 layer thickness increases, reaching a maximum at ~35 nm, then exponentially decreases with thickness showing a small spin diffusion length of ~12 nm at 10 K. We show that morphology related disorder which originates from the combination of C 60 crystalline grains embedded within an amorphous phase of C 60 is responsible for the unusual GMR thickness dependence and short spin diffusion length. We then explain the obtained spin diffusion length in C 60 films as due to a spin relaxation mechanism at the grain boundary, which we identify to be SOC enhanced by the local electric fields at the NC grain boundaries. 
Figure Captions
